Quantitative microbial risk assessment (QMRA) is frequently used to estimate health risks associated with wastewater irrigation and requires pathogen concentration estimates as inputs. However, human pathogens, such as viruses, are rarely quantified in water samples, and simple relationships between fecal indicator bacteria and pathogen concentrations are used instead. To provide data that can be used to refine QMRA models of wastewater-fed agriculture in Accra, stream, drain, and waste stabilization pond waters used for irrigation were sampled and analyzed for concentrations of fecal indicator microorganisms (human-specific Bacteroidales, Escherichia coli, enterococci, thermotolerant coliform, and somatic and Fþ coliphages) and two human viruses (adenovirus and norovirus genogroup II). E. coli concentrations in all samples exceeded limits suggested by the World Health Organization, and human-specific Bacteroidales was found in all but one sample, suggesting human fecal contamination. Human viruses were detected in 16 out of 20 samples, were quantified in 12, and contained 2-3 orders of magnitude more norovirus than predicted by norovirus to E. coli concentration ratios assumed in recent publications employing indicator-based QMRA. As wastewater irrigation can be beneficial for farmers and municipalities, these results should not discourage water reuse in agriculture, but provide motivation and targets for wastewater treatment before use on farms.
INTRODUCTION
The use of untreated wastewater in urban and peri-urban irrigated agriculture is prevalent around the world. Increasing urban populations use more freshwater and produce a greater volume of wastewater that is, in many cases, discharged to the environment without treatment. Scarcity of (unpolluted) freshwater resources and year-round access to wastewater create conditions that encourage wastewater irrigation (Scott et al. ) . Ghana's capital city, Accra, provides an example of wastewater irrigation practiced on a wide scale.
Accra has an estimated 100 ha of land under irrigated vegetable production (Obuobie et al. ) . Due to limited functional wastewater collection and treatment infrastructure (Murray & Drechsel ) , as well as leaky septic systems and open defecation, untreated greywater and sewage (collectively 'wastewater') flow directly and indirectly into open drains and streams, which are the primary sources of water used by farmers in Accra to irrigate vegetables. The terms 'wastewater irrigation' and 'water reuse', therefore, encompass the use of water along the whole trajectory from raw wastewater to contaminated surface water. Alternative water sources are rare, making wastewater irrigation necess-for small-scale farmers while supplying the city with most of its perishable vegetables (Raschid-Sally & Jayakody ).
Additionally, municipalities and landowners benefit when farmers act as informal caretakers: farmers protect land from solid waste dumping and illegal land development, and farmed land can contribute to stormwater management (Lydecker & Drechsel ) , an issue particularly important for Accra, which experiences annual flooding. water, excreta, and greywater in agriculture (hereafter referred to as the 'WHO Guidelines') stresses the development of location-specific, health-based water quality targets, and the use of water quality assessment and quantitative microbial risk assessment (QMRA) to determine health risks due to pathogens in wastewater. After estimating health risks, regulators can determine water treatment objectives to meet health-based targets.
QMRA models rely on estimates of pathogen exposure (e.g., estimates of pathogen concentrations in water and rates of ingestion) and appropriate dose-response models. Due to the complexity and expense of pathogen analyses, actual pathogen concentrations are often not measured. Instead, water quality is assessed using indicator organismstypically fecal indicator bacteria (FIB) such as Escherichia coli, enterococci, or thermotolerant coliformsand simple relationships between FIB and pathogens are used to predict the concentration of the target pathogen. However, relationships between indicator organism and pathogen concentrations are complex. For example, different organisms and classes of organisms (e.g., viruses, bacteria, protozoa, and helminths) are excreted in different ratios by varying proportions of the population depending on their health status, and have different fate and transport processes in the environment.
While bacterial pathogens can cause disease associated with wastewater irrigation, QMRA modeling has found viral pathogens, such as rotavirus and norovirus, to present greater health risks in wastewater irrigation than Campylobacter, which was used as an 'index' bacterial pathogen (WHO ). Viruses tend to be more persistent than bacteria in the environment and have been named some of the most important causes of food-and waterborne disease.
Norovirus, for example, has been found to be the leading cause of foodborne illness in the USA (Widdowson et al.
)
, and a study conducted in the city of Tamale, in Northern Ghana, found rota-, adeno-, noro-, or astroviruses to be present in the stool of 73% of children aged 0-12 years suffering from diarrhea (Reither et al. ) . 
Previous researchers investigating irrigation water qual

METHODS
Site selection and sample collection
Sampling sites were farming areas located within the Accra Metropolitan Assembly (Table 1) . Water samples were collected in July 2010, from locations where farmers collect irrigation water and at a time when farmers were using the water (between 8:30 and 11:30 am). Each site was sampled on 2 separate days (except for La Drain and Odaw River which were each sampled once) for a total of 20 samples at 11 locations. Samples were collected using a bucket sterilized with 70% ethanol, wiped dry and rinsed with sample water before use. Water was poured from buckets into sterile, opaque cubitainers and transported to the laboratory on ice. All samples were analyzed within 6 h of collection.
Culture-based microbiological analyses
Fecal indicator bacteria
Water samples were analyzed for E. coli and enterococci concentrations by membrane filtration using 47 mm diameter, 0.45 μm pore size, mixed cellulose ester HA filters (Millipore). Total phage concentrations were calculated by adding counts from the DAL and filter plates.
Correlation between organisms
Correlation coefficients (R 2 ) between pairs of FIB and coliphage were determined using log-transformed concentrations.
(RT-)qPCR analyses
Human-specific Bacteroidales, human adenovirus (HAdV;
all 51 types), and norovirus genotype II (NV-GII) were concentrated, extracted, and then quantified by quantitative polymerase chain reaction (qPCR) or reverse transcription qPCR (RT-qPCR).
Sample concentration
Bacteria and viruses were concentrated from water samples in the same manner as described above for coliphage, but with a MgCl 2 concentration of 0.025 M. For DNA/RNA preservation, filters were covered with 500 μL RNAlater ® (Qiagen), allowed to sit for 1 min, and then excess liquid was removed by vacuum. Filters were aseptically rolled and placed in 5 mL DNA/RNA-free tubes, stored at 4 W C overnight to allow RNAlater ® to further soak into the filter, then frozen at À20 W C until transported to University of California, Berkeley for analysis; once there, filters were stored at À80 W C until extracted.
Preparation of recovery controls
MS2 (ssRNA bacteriophage) and Pseudomonas syringae pv.
phaseolicola (pph6; Gram-negative bacteria) were used as control spikes to evaluate the combined efficiency of nucleic acid extraction and amplification for RNA and DNA, respectively.
MS2 was propagated by broth enrichment with E. coli F amp host and 1× ampicillin and streptomycin, then purified through chloroform extraction and polyethylene glycol precipitation, resuspended in PBS and frozen at À80 W C in single-use aliquots. The concentration of culturable MS2 in the control spike was determined by DAL with E. coli F amp host and 1× ampicillin and streptomycin.
Pph6 was cultured in modified King's B media (10 g/L tryptone, 10 g/L peptone, 10 mL/L glycerol, 8.3 mM MgSO 4 , 5.7 mM K 2 HPO 4 ) and incubated at 28 W C for 48 h.
Freshly cultured cells were centrifuged for 10 min at 5,400 × g at 4 W C, the supernatant discarded, and then rinsed three times by resuspending with PBS, centrifuging and discarding the supernatant. After the final wash, the cells were resuspended in 15% glycerol-0.01 M MgSO 4 . The cell suspension was frozen at À80 W C in single-use aliquots.
Fifty microliters of the 10 À6 dilution of the MS2 spike (approximately 11 MS2 PFU) or the 10 À1 dilution of the pph6 spike (approximately 1.5 × 10 5 gene copies) was spiked into each RNA or DNA sample tube, respectively, prior to nucleic acid extraction, but after sample concentration and tube transport. Identical control spikes were also added to extraction blanks, which did not contain filters.
Extraction/amplification efficiency of each sample was calculated by comparing MS2 or pph6 concentration in that sample with the concentration in the extraction blank, and classified as poor (À; <25%), acceptable (þ; 25-50%), or good (þþ ; >50%); sample concentrations were not adjusted in relation to recovery efficiency. MS2 and pph6 recoveries do not include information on efficiency of the concentration step or potential loss during sample transport. Additionally, given variability in virus composition and structure, as well as interactions with sample matrices, MS2 may not behave exactly like the human viruses in extraction and amplification steps. Likewise, pph6 may not be a perfect proxy for extraction and amplification of human-specific Bacteroidales and HAdV in the irrigation water samples.
Nucleic acid extraction
DNA and RNA were extracted from separate filters. As mentioned above, extraction/amplification control spikes (MS2 and pph6) were added to samples prior to extraction.
DNA and RNA were extracted using the PowerWater DNA and RNA isolation kits (MoBio, Carlsbad, CA), respectively, following manufacturer protocols and one modification: final DNA/RNA elution buffer was preheated to 95 W C before use to improve recovery (Viau et al. ) .
Extracted DNA and RNA were aliquoted in single-use aliquots and frozen at À80 W C.
(RT-)qPCR assays
Previously published primers, hydrolysis probes, and assays were used for (RT-)qPCR analyses ( 
Generation of standards and calibration curves
Linearized plasmid standards were used for quantification of BacHum, HAdV, pph6, and NV-GII targets. E. coli containing the plasmid standard for the BacHum target was tration was designated as 'less than the limit of detection (<LOD)'. If at least one replicate amplified, but it or other replicates had a C t value greater than the highest C t on the standard curve, that sample was designated as 'positive, but below the limit of quantification (þBLOQ)'. 
RESULTS
Virus and human-specific Bacteroidales concentrations
Samples positive for NV-GII, HAdV, and human-specific
Bacteroidales are indicated in Figure 2 ; the locations of these samples are presented in Figure 3 . Measured virus and human-specific Bacteroidales concentrations, as well as extraction/amplification recoveries, are presented in Table 3 .
Recovery efficiencies of pph6, the DNA extraction/ amplification control, ranged from 0 to 115% (mean ¼ Measured human-specific Bacteroidales concentrations ranged from (9.7 ± 5.0) × 10 2 gene copies/100 mL in La WSP effluent to (4.9 ± 0.02) × 10 6 gene copies/100 mL in La drain water.
Negative controls that captured the entire analysis chain (from sample concentration to amplification), and no-template (RT-)qPCR amplification controls were negative. Pathogen concentrations in wastewater and the environment can vary both spatially and temporally depending on local conditions, that include climate, weather, the health 
DISCUSSION
Water quality and the WHO Guidelines The levels of BacHum in Accra samples ranged from <10 2.3 to 10 6.7 gene copies/100 mL, which is lower than the concentrations reported for sewage samples in California: 10 8.0 -10 9.8 gene copies/100 mL (Silkie & Nelson ) and 10 7.8 -10 9.9 gene copies/100 mL (Van De Werfhorst et al. ). A potential explanation why lower BacHum concentrations were found in the Accra samples could be that most consisted of diluted sewage; this was also seen with E. coli concentrations, which were lower in the Accra samples (10 4.2 -10 7.5 CFU/ 100 mL) than in California sewage (10 6.1 -10 6.8 MPN/100 mL; Silkie & Nelson ). Lower BacHum concentrations in Accra could potentially also be attributed to a lower concentration of the BacHum target in human feces in Accra than in California, or to DNA extraction/amplification efficiencies that were less than 100%. Virus concentrations determined through (RT-)qPCR are greater than those determined by culture-based methods, because total particle to PFU ratios can range from 100-1,000 to 1 (Flint et al. ) . Given that no fully permissive cell culture system for norovirus exists at present, norovirus must be measured by (RT-)qPCR or direct particle count. The use of (RT-)qPCR to quantify norovirus and membrane filtration to quantify E. coli could be preferred in this context given that (RT-)qPCR was used to quantify norovirus used in dose-response work (Teunis et al.
)
, and membrane filtration is regularly used to quantify E. coli in environmental samples. Although there are uncertainties surrounding the use of (RT-)qPCR in norovirus quantificationsuch as the exclusion of norovirus genogroup I from analysis, and imperfect sample concentration, RNA extraction, and amplificationcorrection of these limitations would act to further increase the norovirus to E. coli ratio.
As discussed above, pathogen concentrations, and the ratios between pathogens and fecal indicator organisms, can change spatially and temporally depending on local conditions. While the ratio of NV-GII to E. coli or thermotolerant coliform is likely to differ over place and time, it is an important finding that the current assumption of 0.1-1 norovirus particles per 10 5 E. coli would underestimate virus dose with exposure to the wastewater and surface waters sampled in Accra by approximately 2-3 orders of magnitude. The use of the NV-GII to E. coli ratio determined in the present study would result in a higher estimate of health risk.
The ratios of HAdV to fecal indicator bacteria were similar to those of NV-GII, but more variable. The ratio of
HAdV to E. coli was one to 10 3.2±1.7 and the ratio of HAdV to thermotolerant coliform was one to 10 4.6±2.0 (10 mean±95% confidence interval ; n ¼ 7). should be promoted in Accra in general, given that some of the contaminated surface waters we studied flow through densely populated parts of the city, and can provide the general population with a source of exposure to waterborne pathogens.
CONCLUSION
As the WHO Guidelines and QMRA models are implemented and updated, it is important to have reasonable estimates of virus concentrations to use as inputs to these models. In the present study, we found an average of one NV-GII per 10 3.2±1.1 E. coli. While this ratio is expected to vary depending on local conditions, including the health status of the contributing population, it could be used to calculate an informed estimate of virus concentration for modeling health risks associated with wastewater irrigation in Accra.
